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1ABSTRACT
Previous work has highlighted that immune-associat-
ed (IA) traits measurable in blood are associated with 
health, productivity, and reproduction in dairy cows. 
The aim of the present study was to determine relation-
ships between IA traits measured in blood serum and 
those simultaneously measured in milk as well as their 
association with disease phenotypes. All animals were 
Holstein-Friesian cows from the Langhill research herd 
(n = 546) housed at the SRUC Dairy Research Centre 
in Scotland. Milk and serum samples were collected on 
20 separate occasions between July 2010 and March 
2015 and analyzed by ELISA for haptoglobin (Hp), 
tumor necrosis factor-α (TNF-α), and natural antibod-
ies binding keyhole limpet hemocyanin (NAbKLH) and 
lipopolysaccharide (NAbLPS). Data were analyzed using 
mixed linear models that included pedigree informa-
tion. Analyses revealed positive phenotypic correlations 
between milk and serum NAb (0.59 ≤ r ≤ 0.77), Hp (r 
= 0.37), and TNF-α (r = 0.12). Milk and serum NAb 
were also found to have a strong genetic correlation 
(0.81 ≤ r ≤ 0.94) and were genetically correlated with 
cow lameness (0.66 and 0.79 for milk NAbKLH and serum 
NAbLPS, respectively). Clinical mastitis was found to 
be phenotypically correlated with both milk and serum 
Hp (0.09 ≤ r ≤ 0.23). Serum Hp was also strongly ge-
netically correlated with other cellular IA traits such as 
percent NKp46+ (a natural killer cell marker; 0.35) and 
percent peripheral blood mononuclear cells (PBMC; 
−0.90). Similarly, genetic correlations were found to ex-
ist between serum TNF-α and percent NKp46+ (0.22), 
percent PBMC (0.41), and percent lymphocytes (0.47). 
Excluding serum Hp, all milk and serum IA traits were 
repeatable, ranging from 0.11 (milk Hp) to 0.43 (serum 
NAbLPS). Between-animal variation was highest in milk 
and serum NAb (0.34–0.43) and significant estimates of 
heritability were also observed in milk and serum NAb 
(0.17–0.37). Our findings show that certain IA traits, 
such as NAbKLH and NAbLPS, found in milk and serum 
are strongly correlated and highlight the potential of 
using routinely collected milk samples as a less invasive 
and cost-effective source of informative data for predic-
tive modeling of animal IA traits.
Key words: natural antibody, immune-associated 
trait, correlation, dairy cow
INTRODUCTION
Animal health and welfare is an important issue, 
especially in the case of farmed animals involved in 
intensive production systems such as the modern high-
yielding dairy cow. Maintaining a healthy herd is vital, 
both ethically and financially. The UK dairy industry 
is under increasing financial pressure due to the cost of 
production against the lower level of returns generated 
via milk sales (Colman and Harvey, 2004; Bate, 2016; 
ADHB, 2017). Further financial losses and pressures 
emerge in the form of animal disease, culling, and infer-
tility within the herd. With greater cow-to-staff ratios 
and increased use of automation it is crucial for dairy 
farmers to record, monitor, and manage losses due to 
disease and resultant culling and hence maximize prof-
itability (Macrae and Esslemont, 2015).
The prospect of using immune-associated (IA) traits 
as markers of health and fitness in agricultural produc-
tion systems has attracted increasing interest due the 
fact that such traits are readily measurable and can 
be used in the prediction of susceptibility and general 
immunity of individuals (Clapperton et al., 2008, 2009; 
Flori et al., 2011; Thompson-Crispi et al., 2012a,b; van 
Knegsel et al., 2012; Banos et al., 2013; Denholm et 
al., 2017). Moreover, previous work has shown that 
serological and cellular IA traits found in serum are 
associated with dairy cow health, fertility, and produc-
tion (Eckersall et al., 2006; Banos et al., 2013; Denholm 
et al., 2017).
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Serological IA traits such as the acute phase protein 
(APP) haptoglobin (Hp), natural antibodies (NAb) 
binding keyhole limpet hemocyanin (NAbKLH) and 
lipopolysaccharide (NAbLPS), and the pro-inflamma-
tory cytokine tumor necrosis factor-α (TNF-α) are 
not only present in the blood of dairy cows but can 
also be measured in the milk (Bannerman et al., 2004; 
Eckersall et al., 2006; van Knegsel et al., 2007; Tassi et 
al., 2013). These serum IA traits have been shown to 
be associated with important health and production 
traits in dairy cows; for example, serum Hp is positively 
correlated with clinical mastitis (Eckersall et al., 2006), 
whereas circulating levels of NAbKLH are negatively cor-
related with liveweight as well as both feed and dry 
matter intake (Banos et al., 2013). Additional studies 
have linked NAb with dairy cow health; for example, 
energy balance, SCC, and mastitis (van Knegsel et al., 
2007, 2012; Ploegaert et al., 2010), as well as produc-
tion; for example, milk yield and diet (van Knegsel et 
al., 2007). Relationships between NAb and age have also 
been highlighted (Srinivasan et al., 1999; van Knegsel 
et al., 2007; de Klerk et al., 2015). Furthermore, serum 
TNF-α, Hp, and NAb have all been shown to be as-
sociated with metabolic health (Ohtsuka et al., 2001; 
Ametaj et al., 2005; van Knegsel et al., 2012)
Focusing on NAb, Hp, and TNF-α, we aimed to ana-
lyze longitudinal immunological data collected from re-
peated blood and milk sampling to determine whether 
any relationships exist between IA traits measurable in 
blood (serum) and concurrent IA traits measurable in 
milk. The overall objective was to determine whether 
routinely collected milk samples could provide a less in-
vasive method of obtaining useful IA trait data relevant 
to dairy cow health and productivity, and hence, reduce 
the requirement for blood sampling.
MATERIALS AND METHODS
Animals
Data were collected from 546 Holstein-Friesian dairy 
cows from the experimental Langhill herd between 
July 2010 and March 2015. All cows were raised at 
the SRUC Dairy Research Centre at Crichton Royal 
Farm (Dumfries, Scotland) and were involved in a long-
running and ongoing selection experiment, genetic line 
× feeding system, following a 2 × 2 factorial design 
(Veerkamp et al., 1994).
Within the Langhill herd, cows are evenly distributed 
between 2 distinct genetic lines: Control and Select. 
Cows in the Control line are progeny of sires with UK 
average genetic merit for production of kilograms of 
milk fat plus protein, whereas Select cows are progeny 
of sires with the highest genetic merit for kilograms of 
milk fat plus protein. Within each genetic group, cows 
are randomly assigned 1 of 2 diets: a high-concentrate 
low-forage diet simulating high-input commercial sys-
tems; and a low-concentrate high-forage diet simulating 
low-input grazing systems. Put simply, the 2 diets can 
be thought of as a high-energy content feed (low forage) 
and a lower-energy content feed (high forage; March et 
al., 2016).
Concerning the animals involved in the present 
study, 46% were cows sampled as part of a previous 
pilot study by our group. These pilot study cows (n 
= 253) were born between January 2003 and March 
2009 and were between their first and sixth lactations 
inclusive (Banos et al., 2013). All remaining cows (n = 
358) were born between May 2007 and September 2012 
and ranged from first and fifth lactation (inclusive). A 
small number of cows (n = 65) were contemporaneous 
with both studies.
Ethics Statement
Blood sample collection was conducted in accordance 
with UK Home Office regulations (PPL No: 60/4278 
Dairy Systems, Environment and Nutrition) and proce-
dures were approved by the SRUC Animal Experimen-
tation Committee. Otherwise, the study was restricted 
to routine on-farm observations and measurements that 
did not inconvenience or stress the animals.
Sampling Protocol
Blood and milk samples were collected on 15 sepa-
rate occasions between April 2013 and March 2015 and 
included summer and winter samplings. Samples were 
collected at 4 bimonthly (i.e., every other month) inter-
vals between April 2013 and October 2013, 7 monthly 
intervals between January 2014 and July 2014, and a 
further 4 bimonthly intervals between September 2014 
and March 2015. This resulted in 2,687 blood samples 
and 2,667 milk samples. Additional blood samples were 
collected previously as part of a pilot study, between 
July 2010 and March 2011, the methods of which are 
described by Banos et al. (2013). These additional sam-
ples accounted for approximately 25% (886 samples) of 
the total number of samples collected (6,240 samples, 
which included 3,581 blood samples and 2,667 milk 
samples). For serological analyses, whole blood was col-
lected into plain Vacutainers (BD, Reading, UK) and 
allowed to coagulate before centrifugation at 2,000 × 
g for 10 min. Milk was centrifuged at 3,000 × g for 30 
min and the skim milk fraction was retained. Samples 
were stored at −20°C before analysis.
Blood and milk samples from the current study were 
analyzed by ELISA for natural antibodies (NAbKLH and 
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NAbLPS), Hp, and TNF-α as described below. Samples 
from our previous study (Banos et al., 2013) had pre-
viously been analyzed for NAbKLH, Hp, and TNF-α. 
Cellular IA trait data were derived according to the 
methods in Denholm et al. (2017).
Measurement of NAb, Hp, and TNF-α
Natural antibodies binding either KLH or LPS were 
quantified by indirect ELISA in serum and skim milk 
as follows: microtiter plates (Immulon 2HB, Thermo 
Electron Corp., Milford, MA) were coated with 100 
µL/well of either 1 µg/mL KLH (Calbiochem, Notting-
ham, UK) or 4 µg/mL LPS O55:B5 (Sigma-Aldrich, 
St. Louis, MO) in 0.1 M carbonate coating buffer at pH 
9.6 overnight at 4°C. After plates were washed in PBS, 
pH 7.4, containing 0.05% Tween 20 (PBS-T), non-
specific binding sites were blocked by incubating wells 
with PBS containing 3% fish gelatin (Sigma-Aldrich) 
for 1 h at 37°C. Plates were subsequently incubated 
with serum diluted 1:40 or skim milk diluted 1:2.5 in 
PBS-NaCl-Tween (PBS containing 0.5 M NaCl and 
0.5% Tween 80) for 1 h at 37°C. For each plate, 8 wells 
were incubated with PBS-NaCl-Tween alone (blank), a 
known positive control sample was analyzed, and each 
test sample was analyzed in duplicate. After washing in 
PBS-T, plates were incubated for 1 h at 37°C with sheep 
anti-bovine IgG (H+L chain) conjugated to horseradish 
peroxidase (AbD Serotec, Kidlington, UK) diluted in 
PBS-NaCl-T. After a final wash in PBS-T, color reac-
tions were developed by addition of Sigma-Fast OPD 
substrate (Sigma-Aldrich). Reactions were terminated 
by addition of 2.5 M H2SO4, and the optical density 
(OD) at 492 nm (OD492) measured using a Sunrise mi-
croplate reader (Tecan, Mannedorf, Switzerland). The 
dilutions of serum and skim milk were chosen follow-
ing serial dilution of representative samples to ensure 
that the OD492 for all samples was on the linear part 
of the curve. For each plate, the mean OD492 of the 
blank wells was subtracted from the sample readings, 
and inter-plate variation was normalized to the positive 
control sample.
Haptoglobin levels in serum and milk were quantified 
by sandwich ELISA as follows: 96-well microtiter plates 
were coated with 0.125 µg/mL rabbit anti-bovine Hp 
(Life Diagnostics Inc., West Chester, PA) in carbonate 
coating buffer overnight at 4°C. Following washing in 
0.02 M Tris-HCl, 0.05% Tween 20 (TBS-T), wells were 
incubated with 10% nonfat milk powder in wash buffer 
for 1 h at 37°C. Following washing in TBS-T, wells were 
incubated with serum or skim milk samples, diluted 
1:40 or 1:10 for serum and skim milk, respectively, for 
1 h at 37°C with shaking (500 rpm). Eight serial dilu-
tions of recombinant bovine haptoglobin standard (Life 
Diagnostics Inc.) ranging from 8 to 1,025 ng/mL were 
included on each plate. After a further wash in TBS-T, 
plates were incubated with a 1:7,500 dilution of rabbit 
polyclonal anti-bovine haptoglobin (Life Diagnostics 
Inc.) that had been conjugated to alkaline phosphatase 
using a Lightning-Link Alkaline Phosphatase Labeling 
Kit (Innova Biosciences Ltd., Cambridge, UK). Plates 
were washed and then developed using BluePhos Mi-
crowell phosphatase substrate system (KPL, Gaithers-
burg, MD) for 15 min before stopping with APstop 
solution (KPL) and measuring OD at 620 nm using a 
Sunrise microplate reader (Tecan).
Tumor necrosis factor-α was quantified in serum and 
skim milk as previously described (Tassi et al., 2013). 
Both serum and milk samples were analyzed neat, and 
8 serial dilutions of recombinant bovine TNF-α stan-
dard (R&D Systems, Abingdon, UK) ranging from 125 
to 8,000 pg/mL were included on each plate.
To quantify levels of Hp and TNF-α, a 4-point Mar-
quardt analysis of the standard curve was used to cal-
culate concentrations within the samples. For Hp and 
TNF-α, ELISAs were repeated at the lower or higher 
sample dilution if the sample OD did not fall within the 
range of OD of the standard curve. Samples that still 
fell below the standard curve were assigned a concen-
tration half of the lowest standard (i.e., 4 ng/mL for Hp 
and 62.5 pg/mL for TNF-α).
There were some differences between the techniques 
used previously (Banos et al., 2013) and those used in 
the present study to take the blood and milk measures 
of the IA traits. For Hp and TNF-α, the assays used 
in the present study differed from those in Banos et 
al. (2013). First, in the case of Hp, a colorimetric as-
say (Tridelta PHASE Haptoglobin Assay kit, Tridelta 
Development Ltd., Maynooth, Ireland) was used to 
generate data in Banos et al. (2013) instead of the in-
house ELISA used in this study. The main difference 
between the 2 assays was the smaller dynamic range 
of the colorimetric assay. Second, an in-house ELISA 
was used to quantify TNF-α in this study, whereas in 
Banos et al. (2013), a commercial ELISA kit was used 
(Bovine TNF-α DuoSet ELISA kit, R&D Systems Inc., 
Minneapolis, MN); however, the same TNF standards 
were used in both assays and, as such, the values are 
comparable. There were no differences in the methods 
used to generate NAbKLH data between the 2 studies, 
although NAbLPS was not measured in Banos et al. 
(2013).
Derivation of Health Traits
Each cow in the study population had detailed lon-
gitudinal health records spanning birth to the time of 
the present study. These data were used to create a 
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phenotypic data set matching the immune profile of 
each individual cow to relevant health event informa-
tion. Health events were grouped into 3 groups: clinical 
mastitis, reproductive problems, and cow lameness. 
Because of the low incidence of some disorders and dis-
eases within the Crichton herd (e.g., metabolic), these 
conditions (including ketosis, displaced abomasum, hy-
pocalcemia, hypomagnesemia, and pyelonephritis) were 
grouped into a fourth group termed “other.” Health and 
IA traits were matched such that animals were scored 
as 0 or 1 for absence or presence of a condition or treat-
ment within 1 wk (pre and post) of the sampling date 
for IA traits. Moreover, for each cow in the study, the 
number of distinct mastitis, reproductive, and lameness 
episodes per lactation was calculated and added to the 
phenotypic data set. Distinct episodes were calculated 
according to consecutive treatments more than 7, 21, 
and 28 d apart for mastitis, reproductive problems, and 
lameness, respectively (Banos et al., 2013; Denholm et 
al., 2017).
Data Preparation
When possible, all data were analyzed in their origi-
nal raw format except in cases when data were not nor-
mally distributed, in which case transformations were 
applied. Milk and serum data for both Hp and TNF-α 
were highly positively skewed, and hence, Box-Cox 
transformation analyses were carried out to determine 
the optimum transformation required to achieve nor-
mality. The Box-Cox analyses yielded results close to 
zero; therefore, data relating to these traits underwent 
a log-transformation. In the case of milk and serum 
TNF-α, values that were below the detection limit of 
the assay (62.5 × 0.5 = 31.25 pg/mL) were set close to 
zero (1 × 10−11) before being transformed according to 
a log-transformation. No transformations were applied 
to milk or serum NAb before formal analyses.
Statistical Analysis
All statistical analyses of IA traits were carried out 
using ASReml version 3 (Gilmour et al., 2009) using 
repeated-measures mixed linear animal models. In gen-
eral, models were of the form in equation [1]:
 y = Xa + Z1b_a + Z2b_w + Z3c + e, [1]
where y is a vector of trait observations; a is a vector 
of fixed effects; b_a is a vector of random permanent 
environmental effects across lactations; b_w is a vector 
of random permanent environmental effects within lac-
tation; c is a vector of random additive genetic effects; 
e is a vector of random residual effects; and X, Z1, 
Z2, and Z3 are incidence matrices linking phenotypic 
records to fixed, permanent environmental across lacta-
tions, permanent environmental within lactation, and 
additive genetic effects, respectively.
The general model included the following as fixed 
effects: genetic line, diet group, lactation week, year 
× month of record interaction, year × month of calv-
ing interaction, and lactation number × age at calving 
interaction. Assay technique was also fitted as a fixed 
effect (where applicable) to account for the variation 
between the methods used to generate IA trait data in 
Banos et al. (2013) and in the present study. Treatment 
status was fitted as a binary fixed effect to account 
for whether or not the individual cow was receiving 
medical treatments at time of IA trait sampling (where 
0 represents no treatment and 1 otherwise). Cow was 
fitted as a random effect to account for the random ad-
ditive genetic effect of the nth individual cow (including 
pedigree data for 2,793 animals). The permanent envi-
ronmental effect of the nth individual cow was fitted 
as a random effect to account for repeated sampling of 
the same animal across and within lactation. A further 
random effect of lactation by permanent environmental 
effect (of the nth individual cow) interaction was also 
fitted to account for repeated sampling of the same ani-
mal within a lactation (Bormann et al., 2002; Carthy 
et al., 2015).
Variance Components and Ratios
Univariate models were used to estimate variance 
parameters and ratios. The model in [1] partitioned the 
variance into its additive genetic σa
2( ), permanent envi-
ronmental σpe
2( ), and residual error σe2( ) components. 
Variance components and corresponding standard er-
rors were estimated via the REML approach using the 
statistical software ASReml version 3 (Gilmour et al., 
2009). The ASReml outputs were used to calculate 
heritability (h2); repeatability; that is, the between-in-
dividual variance; and the ratio of permanent environ-
mental variance to total phenotypic variance (c2) of 
milk and blood serological IA traits.
Associations Between Defined Traits
To investigate and determine associations between 
traits, bivariate, trivariate, and multivariate models 
were used. Univariate analysis of the general model [1] 
was used to determine which fixed effects to include 
in the n-trait models (n = 2, 3, 4). Additive genetic, 
phenotypic, permanent environmental, and residual 
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correlations were calculated along with their corre-
sponding standard errors via n-trait analyses of the 
general model in [1] without the random permanent 
environment within lactation effect fitted. This was due 
to problems with convergence (with sensible variance 
or covariance estimates). Because the variance, and 
subsequent parameters, from the univariate analyses 
(with both permanent environment terms fitted) had 
only a marginal effect on the variances, we used the 
single permanent environment (across all lactations) 
term in the multivariate analyses. Correlations between 
immune and health traits, including clinical mastitis, 
lameness, and reproductive disorders, were also inves-
tigated.
RESULTS
Summaries of the milk and serum serological IA traits 
are given in Table 1. On average, lower NAb levels were 
observed in milk than in serum. Natural antibody levels 
in milk were also seen to increase with lactation num-
ber. In serum, however, no significant effect of lactation 
was observed in NAbKLH and only a slight decrease in 
NAbLPS was observed. Variability of IA traits (deter-
mined by the coefficient of variation) ranged from 32 to 
44% for NAbKLH, 45 to 72% for NAbLPS, 441 to 659% 
for Hp, and 349 to 363% for TNF-α. Trait variability 
was observed to be higher in milk than in serum for all 
IA traits in general (Table 1).
Variance Components and Ratios
Estimates of variance components of the defined milk 
and serum serological IA traits as well as corresponding 
variance ratios are presented in Table 2 and summa-
rized below.
Natural Antibodies. In both milk and serum, 
genetic variation and permanent environmental varia-
tion were relatively small and close to zero (Table 
2). Between-animal variation accounted for less than 
50% of total phenotypic variance, and repeatability of 
NAbLPS in milk (0.38) was less than in serum (0.43). 
Moreover, repeatability of NAb in both milk and serum 
was highly significant (P < 0.001, Table 2). Variance 
parameter calculations also yielded significant heri-
tabilities for both milk and serum NAb (Table 2). In 
serum, NAbKLH and NAbLPS had heritability estimates 
of 0.21 and 0.24, respectively (P < 0.01). Similarly, in 
Table 1. Descriptive statistics for the serum and milk immune-associated traits
Sample  Trait1 No. of records Mean SD CV (%)
Serum Hp (µg/mL) 3,561 83.87 369.79 440.89
NAbKLH 2,687 0.94 0.30 31.79
NAbLPS 3,570 1.15 0.52 44.90
TNF-α (pg/mL) 3,568 1,841.74 6,435.26 349.41
Milk Hp (µg/mL) 2,667 0.97 6.39 659.36
NAbKLH 2,667 0.81 0.35 43.84
NAbLPS 2,667 0.34 0.24 71.61
TNF-α (pg/mL) 2,667 103.29 375.23 363.29
1Hp = haptoglobin; NAbKLH = natural antibodies binding keyhole limpet hemocyanin; NAbLPS = natural anti-
bodies binding LPS; TNF-α = tumor necrosis factor-α.
Table 2. Variance components and ratios of serum and milk serological immune-associated traits1
Sample  Trait2 σa
2 σpe a_
2 σpe w_
2 σe
2 σp
2 h2 Rep
Serum Hp (µg/mL) 0.03 (0.03) 0.04 (0.05) 0.12 (0.04) 1.56 (0.04) 1.75 (0.04) 0.02 (0.02) 0.04 (0.02)
NAbKLH 0.05 (0.01) 0.03 (0.01) 0.02 (0.01) 0.12 (0.00) 0.22 (0.01) 0.21 (0.05) 0.34 (0.03)
NAbLPS 0.02 (0.01) 0.02 (0.01) 0.00 (0.00) 0.04 (0.00) 0.08 (0.00) 0.24 (0.09) 0.43 (0.03)
TNF-α (pg/mL) 5.89 (3.85) 8.76 (5.03) 16.18 (4.16) 103.47 (2.81) 134.30 (3.79) 0.04 (0.03) 0.11 (0.03)
Milk Hp (µg/mL) 0.14 (0.11) 0.08 (0.12) 0.53 (0.10) 1.22 (0.04) 1.98 (0.08) 0.07 (0.06) 0.11 (0.05)
NAbKLH 0.01 (0.00) 0.01 (0.00) 0.00 (0.00) 0.03 (0.00) 0.05 (0.00) 0.17 (0.07) 0.34 (0.03)
NAbLPS 0.04 (0.01) 0.00 (0.01) 0.00 (0.00) 0.06 (0.00) 0.11 (0.01) 0.37 (0.08) 0.38 (0.04)
TNF-α (pg/mL) 1.85 (5.26) 23.11 (6.73) 17.24 (4.40) 76.81 (2.41) 119.02 (4.66) 0.02 (0.04) 0.21 (0.04)
1Estimated variance components (additive genetic, σa
2; permanent environmental across lactations, σpe a_ ;
2  permanent environmental within lacta-
tion, σpe w_ ;
2  residual, σe
2; and total phenotypic, σp
2) of milk and serum immune-associated traits were obtained from univariate analyses. Ratios 
of additive genetic variance to total phenotypic variance (heritability, h2) and individual animal variance to total phenotypic variance (repeat-
ability across lactations, Rep) were calculated from variance components obtained from univariate analyses. Statistically significant values (P < 
0.05) are given in bold; standard errors are presented in parentheses.
2Hp = haptoglobin; NAbKLH = natural antibodies binding keyhole limpet hemocyanin; NAbLPS = natural antibodies binding LPS; TNF-α = 
tumor necrosis factor-α.
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milk, NAbKLH and NAbLPS had heritability estimates of 
0.17 and 0.37, respectively (P < 0.05). Heritability and 
repeatability of NAbLPS were observed to be greater 
than that of NAbKLH, regardless of whether measured 
in milk or serum.
Tumor Necrosis Factor-α. Genetic variation did 
not contribute much to the total phenotypic variation; 
however, a significant contribution was observed in the 
permanent environmental variance within lactation 
(Table 2).
Between-animal variance accounted for up to 21% of 
total phenotypic variation. Repeatability of both milk 
and serum TNF-α was highly significant (0.21 and 0.11 
for milk and serum, respectively; P < 0.01). Because 
of the small contribution of additive genetic variation, 
estimates of heritability were low and not significant in 
either milk or serum (0.02 and 0.04, respectively).
Haptoglobin. Similar to NAb and TNF-α, the ad-
ditive genetic variance component was small and did 
not contribute very much to the total phenotypic vari-
ance in serum (0.03) and was only slightly higher in 
milk (0.14). Between-animal variance was low and not 
significant in serum with a repeatability of 4%, whereas 
in milk, between-animal variance accounted for a much 
larger proportion of total variance with an estimated 
repeatability of 11%. Heritability of Hp in both serum 
and milk was low and nonsignificant (0.02 and 0.07 
respectively).
Associations Between Milk and Serum IA Traits
Strong positive additive genetic correlations (P < 
0.01, Table 3) were found between NAbKLH and NAbLPS 
in milk (0.88) and serum (0.99). Similarly high correla-
tions were observed between milk and serum NAbKLH 
(0.84) and between milk and serum NAbLPS (0.94). 
Moreover, serum NAbKLH was positively correlated 
with milk NAbLPS (0.81), as were serum NAbLPS and 
milk NAbKLH (0.91). Similar strong positive phenotypic 
correlations (P < 0.01) were observed (0.59–0.77).
Model outputs (Table 4) highlighted a highly signifi-
cant (P < 0.01) positive phenotypic correlation between 
TNF-α concentrations in milk and serum (0.12) and 
Hp concentrations in milk and serum (0.37). Pheno-
typic associations (P < 0.05) between milk and serum 
Hp and milk NAb were also observed (0.15 for both 
NAbKLH and NAbLPS).
Associations Between Serological  
and Cellular IA Traits
Multivariate analyses (5-trait) were carried out to 
determine whether any relationships exist between se-
rological (milk and serum) and cellular IA traits. In se-
rum (Table 4), significant negative genetic associations 
were found between NAbKLH and percent peripheral 
blood mononuclear cells (PBMC, −0.39) and between 
NAbLPS and percent eosinophils (−0.64). A positive 
genetic correlation was observed between NAbKLH and 
percent neutrophils (0.50). Interestingly, NAbKLH had a 
negative association with percent lymphocytes (−0.36), 
whereas NAbLPS had a positive association (0.15). Re-
garding TNF-α, significant genetic correlations were 
observed with NKp46+ (0.22), a natural killer cell 
marker; percent PBMC (0.41); and percent lympho-
cytes (0.47). A significant phenotypic association was 
observed between TNF-α and CD4+:CD8+ ratio (0.36). 
Haptoglobin was found to have a strong, negative addi-
tive genetic correlation with percent PBMC (−0.90) as 
well as a moderate, positive additive genetic correlation 
with NKp46+ (0.35). Remaining significant correlations 
between serum serological and cellular immune associ-
ated traits were low and are presented in Table 4.
In milk (Table 4), statistically significant correlations 
at the phenotypic level were found to exist between 
NAbLPS and percent eosinophils (−0.07), CD4
+:CD8+ 
ratio (−0.03), and NKp46+ (0.10). Furthermore, 
NAbKLH was found to be significantly correlated at 
the phenotypic level with percent eosinophils and the 
CD4+:CD8+ ratio (−0.08 and −0.05 respectively). A 
Table 3. Results from a multivariate analysis of milk and serum natural antibodies1
Immune-associated trait2
NAbKLH 
(serum)
NAbLPS 
(serum)
NAbKLH 
(milk)
NAbLPS 
(milk)
NAbKLH (serum) 0.21 (0.05) 0.99 (0.09) 0.84 (0.09) 0.81 (0.12)
NAbLPS (serum) 0.69 (0.01) 0.17 (0.06) 0.91 (0.13) 0.94 (0.05)
NAbKLH (milk) 0.77 (0.01) 0.59 (0.02) 0.16 (0.05) 0.88 (0.10)
NAbLPS (milk) 0.61 (0.02) 0.77 (0.01) 0.75 (0.02) 0.23 (0.07)
1Additive genetic and phenotypic correlations between milk and serum natural antibodies are shown. 
Heritabilities are presented on the diagonal and highlighted in bold with genetic and phenotypic correlations 
presented above and below the diagonal, respectively. All values were statistically significant and standard er-
rors are presented in parentheses.
2NAbKLH = natural antibodies binding keyhole limpet hemocyanin; NAbLPS = natural antibodies binding LPS.
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strong additive genetic association was observed be-
tween milk Hp and percent eosinophils (0.64).
Associations Between Serological  
IA Traits and Health Events
Bivariate analyses (Table 5) yielded significant posi-
tive genetic correlations between NAb and lameness in 
the week of immune analysis (0.66, P < 0.05; and 0.79, 
P < 0.01 for milk NAbKLH and serum NAbLPS, respec-
tively). Significant positive phenotypic correlations (P 
< 0.001) were observed between clinical mastitis and 
Hp (0.09 and 0.15 for serum and milk, respectively); 
and between mastitis episodes and Hp (0.10 and 0.23 
for serum and milk, respectively).
DISCUSSION
The present study sought to determine the feasibility 
of using milk samples as a proxy for blood samples 
to more easily collect valuable trait information from 
dairy cows. Using routine milk samples to collect im-
portant and informative data is both less invasive to 
the cow and relatively inexpensive compared with col-
lecting blood samples on a regular basis. In this study, 
four IA traits were investigated, NAbKLH, NAbLPS, Hp, 
TNF-α, and a genetic analysis was performed.
Natural Antibodies
Significant additive genetic and phenotypic param-
eters as well as correlations were estimated between 
NAb levels measured in milk and serum. Natural an-
tibodies are derived from CD5+ B-1 cells (Casali and 
Notkins, 1989) and are an important part of the innate 
immune system. Natural antibodies are found in all 
healthy animals in the absence of antigenic stimulation 
and are defined as antigen-binding antibodies present 
in nonimmunized individuals (Panda and Ding, 2015). 
They are characterized by broad antigen specificity, 
usually binding antigen with low affinity (Baumgarth 
et al., 2005). The premise for quantifying NAb binding 
KLH and LPS was that cows are highly unlikely to 
encounter KLH, which is derived from the hemolymph 
of the giant keyhole limpet, Megathura crenulata; there-
fore, NAb binding this antigen reflects the capacity of 
the innate antibody response to respond to pathogen 
challenge. In contrast, exposure to LPS is highly likely 
and thus NAb binding LPS may better reflect the ac-
tive status of the innate humoral immune system (van 
Knegsel et al., 2007).
Levels of NAb in milk have been shown to increase 
with parity (van Knegsel et al., 2007; de Klerk et al., 
2015), whereas no significant change in levels in blood 
have been observed (de Klerk et al., 2015). Further-
more, NAb levels are generally lower in milk than in 
blood (van Knegsel et al., 2007; Ploegaert and Tijhaar, 
2011; de Klerk et al., 2015); results from the present 
study confirm these observations for both NAbKLH and 
NAbLPS. From the genetic analysis, all milk and serum 
NAb were found to be repeatable (P < 0.01), agree-
ing with the results of Ploegaert and Tijhaar (2011), 
although estimates in the present study appear slightly 
lower than in Ploegaert and Tijhaar (2011). In both 
milk and serum, repeatability of NAbKLH was lower 
than that of NAbLPS; Ploegaert and Tijhaar (2011) ob-
served a similar trend in blood but not in milk. More-
over, heritability of NAbKLH in both milk and serum 
Table 5. Results from bivariate analyses of milk and serum serological immune-associated traits and health 
traits1
Health trait  Serological trait2 Correlation3 SE
Mastitis TNF-α (milk) 0.04 0.02
Mastitis Hp (milk) 0.15 0.02
Mastitis Hp (serum) 0.09 0.02
Reproductive problems NAbLPS (serum) −0.03 0.02
Lameness NAbKLH (milk) 0.66 0.28
Lameness NAbLPS (serum) 0.79 0.28
Lameness Hp (serum) 0.05 0.02
Other health problems Hp (serum) 0.06 0.02
Mastitis episodes Hp (milk) 0.23 0.03
Mastitis episodes Hp (serum) 0.10 0.02
Reproductive problems episodes TNF-α (serum) −0.08 0.03
1Phenotypic and additive genetic correlations observed between serum and milk serological immune-associated 
traits and health traits. Only phenotypic and additive genetic correlations that were statistically significant 
(P < 0.05) are presented.
2TNF-α = tumor necrosis factor-α; Hp = haptoglobin; NAbLPS = natural antibodies binding LPS; NAbKLH = 
natural antibodies binding keyhole limpet hemocyanin.
3All were phenotypic correlations except those for lameness with NAbKLH and lameness with NAbLPS (additive 
genetic correlations).
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was similar in magnitude to that estimated by de Klerk 
et al. (2015). Furthermore, we found that heritability 
estimates of NAbKLH in serum (0.21) were higher than 
in milk (0.17), as was the case in de Klerk et al. (2015). 
In the case of NAbLPS, however, we found the opposite 
was true, with higher heritability estimates seen in milk 
than in serum: 0.37 (h2 milk) and 0.24 (h2 serum).
Our analysis also highlighted that, at the genetic 
level, NabKLH and NAbLPS in serum have a correlation 
of approximately 1 and, although these traits differed 
phenotypically (0.61, P < 0.01), they were always posi-
tively correlated (Table 3). The results of the analysis 
suggest that NAb in milk and serum are strongly and 
positively correlated, confirming the findings of other 
studies (Ploegaert and Tijhaar, 2011; de Klerk et al., 
2015) and suggest that recording of milk NAb will pro-
vide accurate information on corresponding levels of 
NAb in serum. All phenotypic correlations were highly 
significant (P < 0.01) and in agreement with the litera-
ture (de Klerk et al., 2015). Genetic correlations ranged 
from 0.81 to 0.99, similar to the results of de Klerk et 
al. (2015), indicating that selective breeding for one 
NAb type would have a strong influence on the other. 
Within milk, both NAbKLH and NAbLPS were found to 
be strongly correlated with phenotypic and genetic cor-
relations of 0.54 to 0.58 and 0.85 to 0.93, respectively. 
Genetic correlations were greater than phenotypic cor-
relations, as in de Klerk et al. (2015).
Furthermore, we found genetic correlations between 
NAbKLH and percent PBMC (−0.39) and percent lym-
phocytes (−0.36), similar to findings in our smaller 
pilot study (Banos et al., 2013), which reported cor-
relations of −0.29 for both percent PBMC and percent 
lymphocytes with NAbKLH but did not include pedigree 
information. We also identified significant positive ge-
netic correlations for lameness episodes with both milk 
NAbKLH and serum NAbLPS. Together with our observa-
tions reported in Banos et al. (2013), in which serum 
NAbKLH was found to be negatively correlated with 
DMI, feed intake, and live weight at the phenotypic 
level, these data suggest that selection for low NAb 
levels, using either milk or serum measurements, may 
influence both nutritional traits and cow lameness.
Haptoglobin
Haptoglobin is an APP and part of the nonspecific 
innate immune response (Murata et al., 2004). It is a 
positive APP, meaning that concentrations of Hp be-
come elevated as a result of external and internal chal-
lenges such as tissue damage, stress, and infectious and 
inflammatory disease (Murata et al., 2004; Lomborg et 
al., 2008). In healthy cattle, blood Hp is either nonde-
tectable or measurable at very low concentrations (i.e., 
<100 µg/mL; Panndorf et al., 1976). Moreover, Smith 
at al. (2010) found cows that tested positive for Hp had 
concentrations ranging from 370 to >1,000 µg/mL.
The present study estimated a highly significant (P 
< 0.01) phenotypic correlation between milk and serum 
levels (0.37), whereas the genetic correlation was found 
to be negative and not significant (−0.50). From the 
literature, the phenotypic correlation between Hp mea-
sured in milk and blood has been estimated to be 0.6 
(Hiss et al., 2009).
The present study also highlighted positive signifi-
cant phenotypic correlations (P < 0.001) between Hp 
and clinical mastitis (0.09 and 0.15 for serum and milk, 
respectively), as well as between Hp and mastitis epi-
sodes (0.10 and 0.23 for serum and milk, respectively), 
suggesting that either milk or serum Hp could be used 
as a potential biomarker of bovine mastitis. These cor-
relations, however, were much weaker than those found 
in a previous study by our group, which observed a 
phenotypic correlation between serum Hp and clinical 
mastitis of 0.32 (Banos et al., 2013). The difference in 
magnitude of the correlation in Banos et al. (2013) is 
most likely due to the inclusion of pedigree information 
in the present study, as well as to fitting a permanent 
environmental random effect. Moreover, whereas the 
previous results were obtained from data collected on 5 
occasions, the present study made use of a much larger 
pool of data collected on 20 occasions, including 15 dis-
tinct sample periods, corresponding to a 4-fold increase 
in records.
Serum Hp was found to have a positive genetic corre-
lation with NKp46+ (0.35), a natural killer cell marker 
(Sivori et al., 1997; Storset et al., 2004) that has been 
linked to reproductive outcome in both humans (Mi-
chou et al., 2003; Kwak-Kim and Gilman-Sachs, 2008; 
King et al., 2010; Seshadri and Sunkara, 2014) and 
cattle (Denholm et al., 2017).
TNF-α
Tumor necrosis factor-α is a pro-inflammatory cy-
tokine and is connected to many immune system cells 
including B and T lymphocytes and natural killer cells 
(Benedict et al., 2003); it plays a key role in the induc-
tion of the bovine acute phase response (Kushibiki et 
al., 2003).
Model analyses yielded a highly significant positive 
phenotypic correlation (0.12, P < 0.01) between milk 
and serum TNF-α. Like serum Hp, serum TNF-α was 
found to be genetically predisposed to increase when 
circulating levels of NKp46+ were elevated. Significant 
positive genetic correlations were also found to exist 
with percent PBMC (0.41) and percent lymphocytes 
(0.47), both have been previously associated with milk 
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fat percentage at the genetic level, such that levels 
are elevated with increasing milk fat (Denholm et al., 
2017).
CONCLUSIONS
Outcomes from the genetic analysis in the present 
study suggest that immune-associated traits present in 
the milk of dairy cows are heritable and repeatable and 
have the potential to describe profiles in the blood, es-
pecially in the case of NAb. The strong genetic correla-
tions found between milk and serum NAb suggest there 
is potential for using NAb in the milk as a marker for 
NAb in the blood. Furthermore, the relationships found 
among NAb, Hp, and TNF-α with both health and cel-
lular IA traits are promising and warrant further study. 
Presently, milk samples are routinely collected for milk 
recording purposes and thus offer a less invasive and 
cost-effective way to sample and collect valuable and 
informative IA trait data for use in a variety of areas of 
predictive modeling.
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